Reordering between tetrahedral and octahedral sites in ultrathin magnetite films grown on MgO(001) Magnetite ultrathin films were grown using different deposition rates and substrate temperatures. The structure of these films was studied using (grazing incidence) x-ray diffraction, while their surface structure was characterized by low energy electron diffraction. In addition to that, we performed x-ray photoelectron spectroscopy and magneto optic Kerr effect measurements to probe the stoichiometry of the films as well as their magnetic properties. The diffraction peaks of the inverse spinel structure, which originate exclusively from Fe ions on tetrahedral sites are strongly affected by the preparation conditions, while the octahedral sites remain almost unchanged. With both decreasing deposition rate as well as decreasing substrate temperature, the integrated intensity of the diffraction peaks originating exclusively from Fe on tetrahedral sites is decreasing. We propose that the ions usually occupying tetrahedral sites in magnetite are relocated to octahedral vacancies. Ferrimagnetic behaviour is only observed for well ordered magnetite films. 4 is a ferrimagnetic halfmetal. Hence, magnetite is often discussed as a possible candidate for room temperature spintronic devices like magnetic tunneling junctions (MTJ). [4] [5] [6] The predicted 100% spin polarization at the Fermi energy of Fe 3 O 4 makes this material attractive as spin injector while FeO films may be used as spin valves due to the exchange bias between anti-ferromagnetic and ferromagnetic films. Thus, the possibility to build all oxide epitaxial MTJs is discussed as recently demonstrated for hybrid junctions. 7 Magnetite crystallizes in the inverse spinel structure and has a bulk lattice constant of 8.3963 Å . The bulk unit cell consists of 32 oxygen ions forming a fcc sublattice and 8 Fe 3þ ions on tetrahedral sites (A sites), while 8 Fe 2þ and 8 Fe 3þ ions occupy octahedral sites (B sites). The Fe ions on B sites with different valences are randomly distributed on these sites. The ferrimagnetism observed in magnetite is known to be strongly related to the crystal structure. It originates from Fe ions with different magnetic moments on A and B sites coupled antiparallelly. 6 Thus, the ordering and occupancy of both tetrahedral and octahedral sublattices play an important role for the magnetic properties of magnetite thin films. It is important to mention that maghemite (c-Fe 2 O 3 ) and w€ ustite (FeO) have a structure very similar to magnetite. Maghemite crystallizes in a defective spinel structure, which is essentially the same structure as magnetite containing only trivalent iron ions. Here, only 13 1 3 of the 16 octahedral sites, occupied in the spinel structure, are occupied in average. The maghemite bulk lattice constant is a ¼ 8.3515 Å . W€ ustite has a bulk lattice constant of a ¼ 4.332 Å and crystallizes in a rock salt structure containing only divalent iron. In all of these three iron oxides, the oxygen forms the same fcc sublattice.
The lattice mismatch between magnetite and magnesium oxide (MgO) of only 0.3% concerning the doubled MgO lattice constant is very small. Therefore, epitaxial magnetite films of high crystalline quality can be grown on MgO(001) substrates. Several reports on the growth of magnetite thin films on MgO(001) using different deposition techniques like sputter deposition, 8, 9 pulsed laser deposition (PLD), 10 or molecular beam epitaxy (MBE) 12, 13 can be found in literature. The growth of magnetite thin films is usually performed at a substrate temperature of 250 C since higher temperatures are known to induce interdiffusion of magnesium ions from the substrate into the iron oxide film. 11 Although, there are several reports on the successful epitaxial growth of magnetite thin films on MgO(001) at temperatures lower than 250 C, [14] [15] [16] this temperature is often also mentioned as a lower limit for the growth of well ordered magnetite films. 17 For lower substrate temperatures, the growth of polycrystalline films has already been reported. 18 To address these variations in the literature, we present a detailed study on the influence of deposition parameters on the structure of magnetite thin films by x-ray diffraction (XRD), low energy electron diffraction (LEED), x-ray photoelectron spectroscopy (XPS), and magneto optic Kerr effect (MOKE). We studied different substrate temperatures ranging from room temperature up to 250 C. Higher substrate temperatures have not been used to avoid the above mentioned magnesium interdiffusion. In addition to the substrate temperature, the deposition rate was also varied in a second step.
II. EXPERIMENTAL SETUP AND SAMPLE PREPARATION
The sample preparation was performed in multichamber ultra high vacuum (UHV) system with preparation chamber and analysis chamber. The preparation chamber (base pressure of 10 À8 mbar) is used for thin film deposition and sample heating. The analysis chamber is equipped with a LEED system and an XPS setup with a hemispherical analyzer and an Al K a x-ray anode (photon energy 1486.6 eV).
Before film deposition, the MgO(001) single crystal substrates were cleaned by heating up to 400 C in 10 À4 mbar oxygen for 30 min. Afterwards, the quality of the crystal surface was checked by LEED. It shows clear spots of the (1 Â 1) MgO(001) diffraction pattern (cf. Fig. 1 ).
Iron oxide thin films of similar thickness 3:4ð60:6Þ nm (equivalent to 16ð63Þ ML) were prepared under different preparation conditions using reactive MBE (cf. Table I ). For this purpose, pure iron was evaporated from rod by electron beam heating at 5 Â 10 À6 mbar oxygen pressure using different deposition rates and different substrate temperatures ranging from room temperature (RT) up to 250 C. The deposition rate was measured using a quartz balance calibrated a posteriori using the film thickness obtained from the XRD analysis. After deposition, samples were transferred to the analysis chamber for LEED and XPS measurements.
Afterwards, the samples were transferred to ambient conditions for XRD experiments. The XRD experiments were performed at Deutsches Elektronen-Synchrotron (DESY), Hamburg at DORIS beamline W1. It is a Wiggler beamline with a Si(111) double crystal monochromator and a z-axis six circle diffractometer endstation. The diffractometer geometry allows XRD measurements as well as grazing incidence x-ray diffraction (GIXRD) measurements, which have been performed, too.
Additional MOKE measurements have been performed with a longitudinal setup and a HeNe laser. The Kerr rotation of the reflected beam has been measured using a photoelastic modulator (PEM) to obtain the magnetization of the iron oxide films.
III. RESULTS
In this section, we present the experimental results of five samples prepared at different conditions. The first three samples (A-C) were prepared at a high deposition rate (r % 3:2Å=s) and at different temperatures (RT, 150 C; 250 C), while the other two samples (D and E) were prepared at 250 C at lower deposition rates. Table I shows the deposition parameters for the samples studied here.
A. In situ analysis by LEED and XPS Fig. 1 shows LEED patterns of the five samples. We see a clear influence of the preparation conditions on the diffraction pattern.
Sample C (prepared with high deposition rate at 250 C) shows the clearest pattern with the sharpest diffraction peaks and lowest diffuse background obtained from the oxide films. The diffraction peaks are arranged in the well known ffiffi ffi 2 p Â ffiffi ffi 2 p superstructure which is reported in large quantity for well-ordered magnetite. [19] [20] [21] For maghemite which has essentially the same basic spinel structure and almost same lattice constant as magnetite, no such superstructure is reported but it has a 1 Â 1 structure. 24 Thus, the observation of this superstructure is a clear indication for the formation of a high quality magnetite surface. The ffiffi ffi 2 p Â ffiffi ffi 2 p superstructure is also slightly visible for sample D (medium deposition rate) but completely vanishes for all other samples. This may have two reasons. First, an increasing disorder in the film surface or second the film is consisting of maghemite instead of magnetite. For sample A (prepared at RT), the diffraction spots originating from the doubled unit cell size of the spinel type oxides vanish and a typical rock salt diffraction pattern is only observed. This pattern occurs for both FeO and MgO. Fig. 2 shows XPS measurements of the Fe2p peak region where the Fe2p 3=2 peaks and the Fe2p 1=2 peaks are located at binding energies of 710.5 eV and 724.0 eV, respectively. For different iron ions, characteristic charge transfer satellites are reported depending on both charge and lattice sites. 22, 23 While these satellites can be distinguished well for w€ ustite (only divalent iron; satellites with DE B % 5:0 eV) and maghemite (only trivalent iron; satellites with DE B % 8:3 eV), the combination of these satellites leads to no effective additional structure between the Fe2p 3=2 peaks and the Fe2p 1=2 peaks for magnetite.
Thus, samples C-E can be attributed to magnetite since no satellite structures are observed. For samples A and B, a weak satellite close to the Fe2p 3=2 is observed indicating an excess of Fe 2þ ions compared to bulk magnetite. However, the satellite is less pronounced than for pure w€ ustite.
B. X-ray diffraction and grazing incidence x-ray diffraction
Having characterized the structure and stoichiometry of the oxide film surfaces, the (bulk) structure of the entire oxide films has additionally been studied by x-ray diffraction. For indexing of the 3D reciprocal space spanned by the MgO substrate, we use the MgO(001) surface unit cell which is half the size of the bulk unit cell in vertical direction and rotated by 45 in lateral direction. Thus, the MgO (002) R rock salt bulk reflections are denoted by (001) using the surface indexing. Since magnetite has almost doubled bulk lattice constant compared to MgO the magnetite (004) S spinel bulk reflection is very close to (001). Therefore, in the following, the indexes R and S indicate bulk indexing for rock salt type (MgO and w€ ustite) and spinel type (magnetite and maghemite) unit cells, respectively. For the surface unit cell, no index is used. Fig. 3 shows a sketch of the reciprocal space for the MgO(001)/iron oxide system. It shows the positions of MgO Bragg reflections as well as those of the three cubic iron oxides which grow most likely epitaxially on MgO(001) (w€ ustite, magnetite, maghemite). For the two spinel type unit cells (magnetite and maghemite), the reflections originating exclusively from scattering at the Fe ions on tetrahedral sites are marked by open symbols.
To characterize the film structure, we performed crystal truncation rod (CTR) scans along the (00L) direction (cf. Figs. 4 and 6) . thickness of the iron oxide film indicating highly ordered crystalline films of very homogeneous thickness. To obtain the vertical layer distance of the oxide film, we analyzed the CTRs using full kinematic diffraction theory. The calculations include the atomic form factors of oxygen and iron ions which are arranged in the bulk structure. The unit cells are homogeneously distorted perpendicular to the surface to obtain the vertical layer distance. Debye-Waller factors as well as surface and interface roughnesses are included in the calculation, too.
Our model assumes an additional w€ ustite interface layer (one or two layers) with the magnetite film on top. The experimental data are less accurately described neglecting the w€ ustite interface layer as reported previously. 15 The result is presented as solid lines in Fig. 4 . Fig. 5 shows the vertical layer distance c obtained from curve fitting of the (00L) rod as a function of deposition rate (blue circles) and substrate temperature (red squares). The shaded area marks the region between the bulk value for magnetite and the value expected for a completely strained film which laterally assumes the lattice constant of the MgO(001) substrate. Here, we assume a Poisson number of ¼ 0:356 which is well known for bulk magnetite. 25 All samples show a vertical layer distance close to the value expected for bulk magnetite. Samples grown at lower temperatures (A and B) show a higher layer distance indicating a lower oxidation state, i.e., a shift towards the w€ ustite (FeO) stoichiometry as already suggested by the XPS measurements. However, the layer distance is still much closer to the value for bulk magnetite than bulk w€ ustite (c ¼ 2.161 Å ). Thus, we assume that the stoichiometry of these films is much closer to Fe 3 O 4 than to FeO. A strained pseudomorphic w€ ustite film grown on MgO(001) would cause a compression of the unit cell in lateral direction to match the smaller MgO unit cell size and therefore, consequently, an expansion in vertical direction is expected. For lower deposition rates, a slightly smaller layer distance is observed, i.e., a shift towards the maghemite (c-Fe 2 O 3 ) stoichiometry.
In contrast to the layer distance, the roughness of the different interfaces does not show any systematic development, e.g., smoothening or roughening due to increased deposition temperature or deposition rate. On the one hand, the rmsroughness of the MgO-FeO interface of 0:5ð60:2ÞÅ demonstrates that this interface is very smooth. On the other hand, the FeO-Fe 3 O 4 interface is rougher and has a rms roughness of 1:6ð60:4ÞÅ. An even higher rms roughness of 4:2ð61:5ÞÅ is determined for the surface of the Fe 3 O 4 film.
In addition to the (00L) rod, we also performed scans along the (01L) rod in a grazing incidence geometry (cf. Fig. 6 ). On the (01L) rod, we have access to the (011), i.e., the (224) S , Bragg reflection which exclusively originates from Fe on tetrahedral sites. Thus, it is possible to study the occupancy of both sublattices (octahedral and tetrahedral) separately. The measurements of the (01L) rod show clear fringes originating from the magnetite film close to the Bragg peak at L ¼ 0.5 for all samples. That is pointing again to the well-ordered sublattices of oxygen anions and iron cations on octahedral sites (Fig. 6) . The Bragg peak at L ¼ 1, 
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Bertram et al. J. Appl. Phys. 113, 184103 (2013) however, changes dramatically with changing deposition conditions. For high deposition rate and 250 C substrate temperature (sample C), a Bragg peak with clear fringes can be observed. For lower deposition rates as well as lower substrate temperatures, the fringes vanish completely.
The (011) and (01 1 2 ) peaks were fitted by Gaussian functions to obtain the integrated intensities of the peaks. With decreasing substrate temperatures, the intensity ratio of both peaks is rapidly decreasing (cf. Fig. 7) . However, while the difference in intensity ratio is large comparing samples prepared at 250 C and 150 C, the difference in intensity ratio between the sample prepared at 150 C and at room temperature is relative small. For decreasing deposition rate, the peak intensity is also rapidly decreasing. The same behavior can be observed at the ð 1 2 1 2 1 2 Þ reflection which originates also exclusively from scattering at tetrahedral sites (not shown here).
C. Magneto optic Kerr effect
To study the magnetic properties of the films, we performed MOKE measurements of the samples at room temperature using a longitudinal setup. Only sample C (prepared at high deposition rate and 250 C substrate temperature) exhibits ferromagnetic behavior. Fig. 8 shows the Kerr rotation as a function of the magnetic field for that sample, where a typical hysteresis behavior can be observed.
IV. DISCUSSION
Both LEED and XRD patterns demonstrate that the structure of the iron oxide films deposited on MgO(001) are significantly influenced by the deposition conditions (deposition rate and substrate temperature). However, the XRD data show that only Bragg peaks originating exclusively from scattering at iron ions on tetrahedral sites of the magnetite film are strongly influenced by the deposition conditions. Nevertheless, the Bragg peaks originating from octahedral sites are almost unaffected. The growth of homogeneous flat films indicated by the clear intensity oscillations (fringes) close to the latter Bragg peaks for all deposition parameters is compatible with previous RHEED (reflective high energy electron diffraction) studies.
14 Here, a layer-by-layer growth of magnetite was found for the whole substrate temperature range studied (RT-450 C). The most simple explanation for the vanishing occupation of tetrahedral sites would be a change from a magnetite phase to a w€ ustite (FeO) phase which has no ions on tetrahedral sites and therefore no Bragg peaks originating from these sites (cf. Fig. 3) . However, both XPS measurements of Fe2p region as well as the vertical layer distances obtained from the XRD measurements clearly show that this is not the case.
The formation of anti-phase domains which is reported for growing magnetite thin films on MgO(001) with a domain size distribution depending on deposition conditions 26 cannot explain the weak integrated intensity of the Bragg peaks originating from tetrahedral sites. It is well known that the existence of anti-phase domains is only affecting the peak shape but not the integrated intensity. 27 This has been proven by us using statistical models for magnetite films combined with kinematic diffraction theory simulations.
Therefore, we propose that the Fe 3þ ions which should occupy the tetrahedral sites of the magnetite lattice (A-site) are not exclusively localized at these sites, but are partly distributed between octahedral vacancies of the magnetite lattice and the tetrahedral sites. Assuming the A-site ions are removed from their regular positions in magnetite and relocated to octahedral vacancies with a probability , the structure factor FðqÞ for the magnetite film is given by 
Here, F Fe 3 O 4 is the structure factor of an ideal magnetite crystal and F Fe 0:75 O is the structure factor of an iron deficient rock salt like lattice with the same stoichiometry as magnetite but without tetrahedrally coordinated iron ions. Thus, all iron ions are completely relocated to the octahedral sites. Fig. 9 shows the intensity of the (01L) CTR, calculated using kinematical diffraction theory, for a magnetite thin film, assuming a structure factor as defined in Eq. (1) for different values of . In addition, Fig. 10 shows the intensity ratio between the (011) and (01 1 2 ) reflection as a function of . With increasing , i.e., with increasing probability for the relocation of tetrahedral ions to octahedral vacancies, the intensity of the (011) peak decreases. Thus, the decreasing intensity at Bragg peaks originating from tetrahedral sites observed in our measurements can be explained by this model. In addition to the calculated intensity ratio between the (011) and (01 1 2 ) reflection, Fig. 10 shows also the experimental values for calculated from intensity ratios obtained from peak fitting of the (011) and (01 1 2 ) reflection for all samples.
This interpretation is supported by the observed LEED patterns where well-ordered magnetite surfaces structures are only observed for sample C. However, LEED measurements are only sensitive to the surface layer structure. The interpretation of only the LEED patterns discussed above does not lead to a unique conclusion. XPS measurements show clear evidence for stoichiometry close to magnetite. Taking these measurements into account, we conclude that the vanishing of the superstructure observed in LEED cannot be related to a change in the film stoichiometry but is related to a reordering process within in the film surface structure.
Concerning the LEED patterns, the low occupancy of the tetrahedral sites is most obvious for the sample grown at RT. Here, only the diffraction pattern originating from the octahedral lattice is visible without any indication of a doubled unit cell size due to the tetrahedral sites. Therefore, the magnetite ordering did not evolve but the film structure assumes a disordered w€ ustite-like structure.
Concerning the observed LEED patterns, it is important to discuss the origin of the ffiffi ffi 2 p Â ffiffi ffi 2 p superstructure usually observed in LEED patterns of the Fe 3 O 4 (001) surface. To explain this superstructure, two different models have been proposed. 28 The first model assumes a surface termination by a half-filled A-layer, i.e., an atomic layer containing only iron ions tetrahedrally coordinated in the bulk. 24, 29 The second model assumes a B-layer termination. Here, a complete bulk B-layer consists of iron and oxygen ions on octahedral sites, but the ions at the surface are shifted compared to their bulk positions. 21 Assuming an A-layer termination as the origin of the superstructure, it is obvious that a distortion of the tetrahedral sublattice has a strong impact on the superstructure. But also in case of a B-layer termination, a distortion of the subjacent A-layer will most likely have an effect on the superstructure.
Since the magnetic properties of magnetite are strongly related to the structure and the spin moments on the different sites, the change in occupancy of these sites will very likely affect the magnetic properties of the magnetite film. In fact, only the sample grown at 250 C substrate temperature and high deposition rate shows a magnetic signal in MOKE measurements (cf. Fig. 8 ). The magnetic signal, however, is relative weak due to the very small film thickness. This result emphasizes the importance of a well-ordered structure for the magnetic properties of magnetite.
To explain the low occupancy of the tetrahedral sites, we propose a model as discussed in the following. From previous studies, it is well known that during the initial growth of iron oxide thin films on many different substrates the formation of a rock-salt type FeO structure is preferred. [30] [31] [32] This is also the case for MgO(001) substrates. 15 We assume that an iron deficient rock salt structure is formed initially in an oxygen rich environment, which is necessary to grow Fe 3 O 4 films. With increasing film thickness, the iron ions start to relax partially from their octahedral sites towards the tetrahedral sites to form the spinel type lattice of magnetite. However, with decreasing substrate temperatures, the probability for reordering of iron ions within the crystalline film decreases due to the lower mobility of the ions within the crystal. But the mobility argument cannot explain the deposition rate dependency. Concerning different deposition rates, Gao et al. found that only deposition rates in a defined range produce high quality iron oxide films using plasma assisted MBE. 11 We assume that the same is true for reactive MBE using molecular oxygen.
In summary, the magnetite films prepared at low substrate temperatures and low deposition rates lack several characteristic properties. The characteristic ffiffi ffi 2 p Â ffiffi ffi 2 p superstructure as well as ferrimagnetism cannot be observed for such films. We relate the missing of these characteristic features to a weakly occupied tetrahedral sublattice with tetrahedral ions relocated to octahedral vacancies.
V. CONCLUSION
We presented detailed structural characterization of iron oxide thin films prepared under different growth parameters. We found evidence for smooth and highly homogeneous iron oxide films with magnetite stoichiometry for the full range of growth parameters studied. However, we could show that the occupancy of the tetrahedral sites strongly correlates with the growth conditions. High occupancy could be observed for a sample grown at 250 C substrate temperature and a deposition rate of 3.2 Å /s. Both lower substrate temperatures as well as lower deposition rates lead to a lower occupancy of the tetrahedral sites. We propose that the iron ions from tetrahedral sites are relocated to octahedral vacancies and thus forming an iron deficient rock salt lattice.
